Introduction
For sustainab portant are fr at meets the n ility of future e (b) United [5] . es cost ability ent of socioassical al and work of ainable gement erefore mance reporting which can be used by manufacturers to benchmark processes [13] . To ensure usage across all manufacturing processes water, raw material, and energy consumption indicators should be included [14] . In lean production, developed in the 1950s and 1960s by Eiji Toyoda and Taiichi Ohno for Toyota [15] , conventional/traditional methods in manufacturing and service industries are replaced by lean methods [16] . The focus of lean is the reduction and elimination of waste with a strong focus on the costumer. Methods like Value Stream Mapping (VSM), 5S and Kaizen, last one popularized in the western industry mainly through the published work of Imai, are used to accomplish a lean condition/process [17] .
The book "The Machine That Changed the World" by Womack et al. made the concept of "lean production" known popular outside of Japan due to arising significant potentials for decreasing manufacturing costs by organizational aspects [15] . The additional inclusion of sustainability in lean can be seen as a development of the traditional short-term (e.g. yearly base) perspective. This combination of lean manufacturing and sustainable development is documented to increase quality, customer satisfaction, decreasing costs and reducing lead time [18] . The practical application of lean principles and scientific discussion became very popular, indicated through the rising number of published papers about lean management and sustainability [19] . But, several studies indicate that lean practices do not necessarily improve environmental performance [16, 20] .
Fundamentals
The approach presented in this paper is based on the fundamentals of value stream and the so far published, diverged approaches and practices in sustainability management.
Value Stream Mapping
Value Stream Mapping was originally developed as a method within the Toyota Production System [21, 22] and introduced as a distinct methodology by Rother & Shook [23] . Value Stream Mapping is a simple, yet very effective, method to gain a holistic overview of the conditions of the value streams within an organization. Based on the analysis of the current-condition, flow-oriented target value streams (target-conditions) are planned and implemented [23, 24, 25] .
A value stream includes all activities, i.e. value adding, non-value adding and supporting activities that are necessary to create a product (or to render a service) and to make it available to the customer. This includes the operational processes, the flow of material between the processes, all control and steering activities and also the flow of information [23] . In order to assess possible improvement potential, Value Stream Mapping considers, in particular, the entire operating time compared with the overall lead time. The greater the distinction between operating time and lead time the higher the improvement potential [24] . According to a previous published approach in which we combined Value Stream Mapping with Methods-Time Measurement (MTM), this approach again immerses into detailed consideration of processes in a value stream regarding sustainability management. The interaction of Value Stream Mapping and MTM at different levels of detail consideration contributes to the identification, elimination and avoidance of waste and thus leads to the design of efficient and effective processes.
Combined sustainability management and Value Stream Mapping approaches in literature
In the literature, there exist several approaches for sustainability in the value stream:
(a) Green VSM (GVSM) [26] with the focus on office operations and the indicators energy, water, materials, waste, transport, emissions and biodiversity. The possible visual representation is limited [14] . (b) Environmental VSM (E-VSM) [27] with the primary focus on water consumption. The visual identification of wasting water is not very clear. A detailed analysis is only available for the water resource [14] . (c) Energy Value Stream [28] with the focus on energy savings, examines each production step for energy waste. The work of Erlach is practicable, but the analysis of other resources (e.g. waste) is missing. (d) Energy and Environment VSM (EE-VSM) [29] considers process energy consumption. Energy usage due to transport or storage are, however, neglected [14] . (e) Lean Sustainable Production Assessment Tool [30] a further development of EE-VSM, with the metrics: energy-, water-, material usage and CO 2 -emissions. Social indicators or visual representation of several indicators are not discussed [14] . (f) Sustainable Manufacturing Mapping (SMM) [31] considers selected sustainability indicators based on VSM, Life Cycle Assessment (LCA) and Discrete Event Simulation (DES). VSM is used as a basis, a detailed visualization of the data is missing. (g) Sustainable VSM (SVSM) [32] which analyzes Greenhouse gas (GHG) emissions It is assumed that the social indicators are incorporated indirectly through the positive effects on the economy and the environment [14] . (h) U.S. Environmental Protection Agency's (EPA) lean and environmental toolkit is used to highlight potentials for considering waste [33] . It helps lean users to identify waste of energy and to improve/reduce the environmental impact.
Sustainability parameters and indicators
Several organizations and researchers described sustainability indicators in their works but, however, there is no universal standard published yet [32] . Further development of sustainability reporting in the production practice can be identified [11] . This made it important to define criteria that help to develop strategies for the evaluation and improvement of sustainability [10] . Paju et al. list a compilation of indicators, which can be used in a Sustainable Manufacturing Mapping [31] . In the following widely used indicators, like used i.e. in the GRI standard [34] , are explained. These indicators can also be found in this approach. (a) Waste due to use of resource "material": Here, the legal EU definition of waste "(…)means any substance or object which the holder discards or intends or is required to discard" [35] . Material waste means all non-productive output (NPO) including solid and fluid waste [36] . An established categorization for produced waste is taken from the "DIRECTIVE 2008/98/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL" [35] , which orders the "R" strategies reuse, recycle, recovery and disposal descending by importance [37] . The reduction of waste therefore begins with prevention, followed by reuse or recycle and thermal recovery. The efficiency of a manufacturing system is defined with the ratio of output in comparison with the input. Despeisse et al. explain that a system which utilizes generated waste internally and views it as a resource is more efficient than a system that does not. Additional approaches such as redesign and remanufacture [14] are not considered in this paper, since they are not applied in VSM. (b) Solvents: Depending on the manufacturing process solvents are used in paints or adhesives. In the literature solvents are used as sustainability indicators [34] . (c) Water: often used for cooling, heating or cleaning in a production process [11] . E-VSM primarily focusses on water [27] . (d) Energy: Since non-renewable energy has a direct impact on greenhouse gas, energy must be seen as an important indicator for sustainability [14] . Common energy and material forms in production which are used as sustainability indicators are electricity, natural gas and compressed air [31] . Furthermore diesel or district heating can be included [38] . (e) CO 2 : The EPA eGrid supplies emission factors in the USA with whom [kWh] can be converted in [kg] of CO 2 [11] . Products with a known CO 2 balance are subject to steadily growing demand by consumers [39] . In the method "carbon footprint analysis" the total greenhouse gas (GHG) emissions are estimated in terms of carbon equivalence (i.e. as tons of carbon dioxide equivalent [tCO 2 e] or grams of CO 2 equivalent per kilowatt hour of generation [gCO 2 eq/kWh] from a specific product [40] .
Identification of challenges in sustainable value streams
The described approaches from the literature deal with sustainability in value streams -but only very superficially and without detailed consideration of resource use and cycle and especially without an underlying, universal model for the calculation of sustainability indicators.
Moreover neither the categories of the waste pyramid reuse, recycle, recovery and disposal nor their monetary values are considered. This paper describes an approach to close this gap. Similar to a previously published approach (Value Stream and MTM [41] ) the value stream perspective is used to look at the whole thing, while the process evaluation looks and measures the specific and thus it can be improved subsequently. Since a comprehensive Sus-VSM needs to have methods for visualization of the selected metrics [14] , this is also taken into account in this approach. Documented approaches with a focus on savings in regards to waste, mainly waste prevention [40] , are not considered. In spite of already published "case studies" which describe the development of the current state of Sustainable Value Streams (i.e. Sus-VSM) further research is needed [42] .
Model-based Sustainable Value Stream Mapping
In this paper an "ideal-typical re-utilization cycle" is introduced. It is the basis for evaluation of sustainability indicators. In each process of the value stream an ideal-typical re-utilization cycle is underlained; and all ideal-typical reutilization cycles themselves virtually include the categories reuse, recycle, recovery and disposal.
However, generally additional material is required in production. Waste of material resources is assigned to each ideal-typical re-utilization cycle of a process. Waste occurs depending on process technology. This waste can be -partial -reused, recycled, recovered or brought to the disposal site. But before immersing into the ideal-typical re-utilization cycle and the calculation of sustainability indicators, the connection of processes in a value stream need to be discussed.
Cumulated scrap rate
With a serial sequence of processes of a value stream and the occurring scrap rates at processes, each upstream process has to produce more to finally provide the required amount to the customer. Contrary to the direction of material flow the cumulated scrap rate increases for each process of the value stream accordingly. As a result, the calculation of cumulated scrap rate for each process in a serial sequence is: This formula is essential for the calculation of total waste along a value stream.
Another effect of the cumulated scrap rate is not considered in this paper, but should be mentioned because of practical relevance in Value Stream Mapping: The cumulated scrap rate causes an increase of the required net demand per process upstream the considered value stream. Therefore, the customer tact time is not assumed to be constant for each process. Strictly speaking, the specific tact time of each process has to be reduced due to an increased required net demand while keeping available net working time constant.
Calculation of waste at single processes
The waste of material resources for each process in the value stream is, as described above, associated with the idealtypical re-utilization cycle. This waste can generally occur in three ways; see Formulas 3, 4 and 5. The net material input is d n e.g. the material input differences between gross and net is sprue in injection moulding or paint sludge in the painting processes.
As a third category waste because of set-ups W b (i) is introduced. This waste is usually produced in batch production or discontinuous shift models. The above proportions of all waste depend on the considered time period. The waste proportion because of set-up is usually not in the same observation period as the required amount of the customer D net . For this reason, the following proportionality is presented: To convert the waste per unit the calculated waste per observation period must be divided by the observation period. Thus, the waste per part w i for each process i is: The waste per unit can be calculated for each process and each resource which is used. This waste of material resources are supplied to the ideal-typical utilization process and rated. Simplifying the mathematical model, only the primary resource is considered, which excludes process water, solvents or packaging.
Ideal-typical re-utilization cycles for each process
In this chapter, the ideal-typical re-utilization cycle gets introduced. The three types of waste of each process get assigned to the introduced categories reuse, recycle, recovery and disposal. In all categories but disposal, material gets used somehow else again, whereas disposals get transported to landfill.
Each process of a value stream gets layers for the reutilization categories (see Figure 1) . One specific reutilization cycle then consists of five transport activities, three buffers and the re-utilization process itself to become an idealtypical re-utilization cycle. This ideal-typical re-utilization cycle is applicable for all kinds of production/assembling processes. An example to illustrate is an injection moulding process. Due to set-ups, sprue and scrap rate waste is created to produce customer demand; 80% of total waste is recycled to produce other products (e.g. a linoleum covered floor) and 20% is disposal so we have two layers. The machine operator puts all types of waste into one or more containers, which get transported by forklift to a silo for shreddering. After shreddering, the ready-to-recycle material waits in bags on a pallet. All efforts like space, transport distance and time for re-utilization can be assessed similar to classic VSM approach.
Furthermore, one can separate between several resource types in value stream to distinguish types of disposals. On the one hand, this modelling of resource flows at processes seems not replicable when drawing value streams with paper and pen, but on the other hand it is representable in a VSM software tool. Figure 1 shows system boundaries and layers of an ideal-typical re-utilization cycle of a process in a value stream. 
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